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THEORETICAL MODEL OF LIQUID METALS™
G. 1. Kerley

Theoretical Division, Los Alamos National Laboratory
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ABSTRACT

A theory for calculating the bulk properties ot metals and other
materfals 1s described. The approach 1s based upon the fluid perturbation
theory of Kerley [1-3] and the electronic structure model of Liberman l4].
Application of the thenry Involves three steps. First, the zero Kelvin
fsoitherm of the solld is corstructed trom electronic structure calculations,
experimental data, or  buoth, This curve contains {nformation about vhe
effective Interactions between atoms In the ground electronic state. Next,
the cold curve {s combined with perturbation theory to compute contributions
from thermal motion ot the atoms to  the liquid properties. Finallywy,
contributions from thermal clectron excitation are computed using the
electronic structure model . In this paper, we show that theory agrees well

with experimental data tor xenon and {ron.



INTRODUCTION

Because of Trecent progress 1in the theory of fluids [5,6], it is now
possibie to make accurate calculations of the equation of staté -(EOS) and
other bulk properties starting with specified interm ecular forces.
However, attempts to apply the new theorles to specific materials are
hampered by lack of knowledge about the iInteraction potentials.
Calculations for liquid metals are particularly complicated because the
effective potentials depend upon density [7].

For this reason, we have developed a theory of fluids [1=-3], called the
CRIS model, that does not require explicit knowledge of the Intermolecular
potentials. Instead, the potential energy of a fluid molecule in the cage
formed by its neighbors 1s calculated from the zero Kelvin isotherm (cold
curve) of the solid. While doing away with the palr potential, the theory
retains the essential features of a fluid model, and it agrees well with
results from computer experiments for simple potentials [3]. Since the
solid cold curve 1s often known from either theory or experiment, the model
can be applied to many practical problems.

In the CRIS model, the electrons are taken to be in the ground state.
In this paper, we use the average atom model of Liberman [4] to calculate
additional cont*ributions to the EOS from thermal excitation of the
clectrons. These terms are essential for describing metals with a high
electronic =specific heat and for explaining very high pressure shock wave

data in rare gases and other materials.

DESCRIPTION OF THE MODELS

Two computer programs were uwused In our calculations. The PANDA
code [8] computes the pressure, internal energy, and Helmholtz free energy,
as functious ot dennity and temperature, for both solid and 1liquid phases;
the melting line s located by matchinpg the pressures and Gibbs free
encrgies of the two phases as a function of temperature, The INFERNO

code [9] computes the thermal electronic contributions to the EOS, which are
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input to PANDA, Our description of these models and codes will be brief.

Details are discussad in Refs. 1-4 and 8.

The Solid Model

For the cases considered in this paper, the solid EOS can be written as

the sum of three terms. For example, the pressure is given by

PS(D’T) = "C(p) + PL(p »T) + PE,psT)p (1)

where p is the density and T is the temperature. Formulas for the energy
and free energy are similar to Eq. (1).

Pc(p) is the electronic contribution to the zero Kelvin isotherm, which
we have constructed using both theoretical metiiods and experimental data.
For xenon, as discussed below, we used the a priori calculations of Ross and
McMahan [10]. For {ron, we used the measurements of Mao and Bell [11].

PL(p.T) is the lattice vibrational contribution to thz E0S. We use the
Debye model,

R .
PL(pAT) = - ve [£8 + 2 S (2)

R 1is the gas constant, W {5 ths molecular weipght, 0 is the Debye
temperature, and v 15 the Griinelsen function. The density dependence of v
and 0 were determined from a tormula like that of Slater ['2], but adjusted
to agree with experimental data at the normal solid dens.ty [8].

PE(p.T) is the thermal elcectronic contribution to the EOS, which s

discussed below.



The Fluid Model

The EOS for the fluid phase consists of two terms. The pressure 1is

given by

PF(psT) - PN(DDT) + PE(p |T)' (3)

PN(p,T) includes contributions from the ground electronic state and the
nuclear degrees of freedom, calculated using the CRIS model, and PE(p,T) is
the thermal electrr -_ term.

In the CRIS model [2], a function ¢ is defined to be the potential
energy of a fluid atom in the cage of its neighbors. The structure of this
cage and the energy ¢ vary from molecule to wolecule. The fluid properties
are computed using a perturbation expansion which 1invelves averages of ¢
over the appropriate distribution function. To first order, the Helmholtz

free energy is

Ag(pyTi0) = Ag(p,T;o) + N<¢dy - (4)

Here AO is the free energy of a hard sphere fluld, o {s the hard sphe-e
diameter, N 1is the total number of molecules, and <¢>U is an average of %
over the hard sphere distribution. o 1is defined as a function of density
and temperature by minimizing KN‘ The CRIS model also includes correctinnes
to the first order approximation,

The function ¢ 15 obtalned from tLthe zero Kelvin curve that s
constructed for the solid as described above. Hence, PN(p,T) includes
contributions from both nuclear and electronic degrees of freedom, with the
electrons taken tn be in the ground ~state. However, the nuclear and
electronic motions are Btrougly coupled, so that separate cold curve and

nuclear terms cannot be defined as they can for the solid phase.



The Electronic Model

INFERNO, a model for calculating the electronic structure of dense
matter, has been developed by Liberman [4]. He considers an average atom,
at the center cf a Wigner-Seitz sphere, surrounded by an electron gas and a
uniform positive charge which simulate the neighboring atoms. He solves the
Dirac equation to obtain wave functions and ernergies for both discrete bound
states and continuum free states. The average electron charge density is
computed from the wave functions, by populating the energy levels according
to Fermi statistics. The screened potential and the charge distribution,
which depend wupon density and temperature, are required to be
self-consistent. The electronic entropy is also calculated from Fermi
statistics; the PANDA code computes the pressure, energy, and free energy
numerically, using well known thermodynamic formulas.

Calculations using INFERNO exhibit atomic shell structure effects which
can cause interesting results 1in the EOS. In Fig. 1, we compare
calculations for aluminum with those using the simpler Thomas-Fermi-Dirac
(TFD) theory [9,13). At low densities, the entropy vs temperature curves
exhibit steps which correspond to different stages of ionization. At higher
densities this structure disappears because the discrete atomic levels
become pressure ionized and broadened into bands. At very high densities,

INFERNO and TFD calculations are in good agreement.

XENON - AN A PRIORT CALCULATION

Very high pressure shock wave data for drgon and xenon show Interesting
behavior that appears to be assoclated with thermal excitation of the
electrons. For xenon, it is possible to make aa a priori calculation and to
compare the results with experiment as a test of the theory.

The cold curve used 1In our work was taken from the band theoretical
calculations of Ross and McMahan [10]. We used the INFERNO code to extend
their data to higher pressures, The result s  ghown in Fig. 2. The
theoretical cold curve {8 1n good agreement with the experimental data  of

Syassen and Holzapfel [14].
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Like all materials, the rare gases are expected to become metallic at
high densities [15]. For xenon, the band calculations {[]0] predict the
energy gap between the filled 5p band and the empty conduction band to close
at a density of atout 12 g/ecc. At the high temperatures reached in tae
shock wave experiments, effects of the insulator-metal transition can be
observed at lower densities. As shown by Ross [15], narrowing of the band
gap increases the energy absorbed by electronic excitation and also makes a
negative contribution to the pressure; bota efrects soften the Hugniot.

The INFERNO calculations give results similar to those predicted by
Ross’s model. As shown in Fig. 3, the thermal electronic pressure PE(p,T)
is negative 1in the density range 2 - 10 g/cc, for temperutures less than
3 eV. INFERNO predicts closing of the band gap to occur at about 10 g/cc,
in fair agreement with the band calculationns.

The Hugoniot for xenon [16,17] 1is shown in Fig. 4. Calculations in
whizh no electronic «xcitation 1s allowed are in good agreement with
experiment at pressures helov 40 GPa but give poor results at the high
pressures. When the TFD model 1s wused to describe the electronic
excitations, the results are better but still not satisfactory.
Calculations using the INFERNO model are in excellent agreement with the
experimental data. The theory gives similar results when applied to shock

wave data for argon.

TRON

Application of the theory to iron 1s complicated by the existence ot
several solid phases. In this study, we have treated iron as if it had only
one solid phase, taken to be close-packed. For the purposes of this paper,
differences between the hecp e-phase and the fcc y-phase are negligible. A
more complete EOS calculation, that includes treatment of the bcc a=-phase,
will be discussed elsethere.

Experimental and theoretical data [11,18,19] for the cold curve of
close packed iron ere depicted in Fig. 5. 1In this work we have used an

analytic fit to the aata, primarily determined by the measurements of Mao
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and Bell [11]. For the solid model, values for the Griineisen parameter and
Debye temperature were taken from Refs. 20 and 21.

In relating the properties of a fluid to the solid cold curve, key
assumptions of the CRIS model are that the fluid structure is dominated by
short-range forces and that these forces are similar in both the fluid and
the solid. in Fig. 6, we compare our calculated structure factor for molten
iron with the measurements of Waseda and Suzuki [{22]. The agreement is very
good, demonstrating that the model gives a good description of the short
range liquid structure.

In perturbation theories of fluids, che effective hard sphere diameter
o characterizes the structure and the interaction at short distances.
According to Dymond and Alder [23], o can be used to make a rough estimate
of transport properties. The viscosity for molten iron 1s shown in Fig. 7.
The solid curve was calculated from the hard sphere formula {24}, using the
hard sphere diameter computed from the CRIS model. Agreement with the data
of Cavalier [25] 1s fairly good.

The theoretical melting curve for iron is shown in Fig. 8. 1In this
calculation, we forced agreement with the cxperimental melting polnt at zero
pressure [26] by subtracting an empicically-determined ccnstant from the
frec energy of the fluid. This correction was found to be 4.25 kcal/mole,
about 47% of the solid binding energy.

Calculated Hugoniots for iron of two initial densities are also showm
in Fig. 8, Alpha-phase iron, having a density of 7.85 g/cc, transforms to
the c-phase at about 13 GPa under shock loading [21]. According to our
calculations, melting should begin at about 320 GPa. This result Is in fair
agreement with the wvalue aof 260 GPa aobtained by HBrown and Mc(ueen [20].
Porous a-phase iron, with an initial density of 4.8 g/cc, 1s predicted to
melt at 45 GPa.

Shock velocity~particle velocity curves for iron of various initial
densities [20,27,28] are shown in Fig. 9. Agreement between the theory and
the measurements for normal density iron is very good over the entire range
of the close-packed so0lid and fluld phases, extending up to 1000 GPa. The
theory also predicts the correct beaavior as a function of porosity. More
detail can be seen in Fig. 10, which shows the shock data for an {initial
densfty of 4.8 g/cc. Agreement with experiment is excellent except at the

lowest pressures, for wnich the shocked state is the u~phasc.
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FIGURE CAPTIONS

Electronic entropy for aluminum as a function of temperature at
several densities. Solid lines were calcul2ted using the INFERNO
model, dashed lines were calculated using the TFD model.

Zero Kelvin isotherm for xenon. Circles are from Ref. 10, squares
are from Ref. l4, and triangles were calculated usiag the INFIRNO
model. The solid line 1s the cold curve used in this wourk.

Thermal electronic pressure, as a function of density, for xenon
at several temperatures.

Hugoniot data and theoretical calculations for xenon. Squares are
from Ref. 16, circles are from Ref. 17.

Zero Kelvin {isotherm for 1iron. Circles are from Ref. 11,
triangles are from Ref. 18, squares are from Ref. 19, and diamonds
were calculated using the INFERNO model. The solid 1line 1is the
cold curve used in this wo-k.

Structure factor for 1fquid iron at a density of 6.862 g/cc and
temperature of 1893 K. Circles are from Ref. 22, and the solid
line is theory.

Shear viscosity for 1liquid 1iron as a function of teap:rature.
Circles are from Ref. 25, and the solid Jine is theory.

Theoretical melting curve and shock Hugoniots for iroun.

Shock velocity-particle velocity data for {1iron at four {initial
dersities. Experimental data are from Refs. 20, 27, and 28, and
the snlid lines are theory.

Hupnniot for porous iron having an iritial density of 4.8 g'cc.
Experimental data are from Refs. 20 and 27. The lower section of
the calculated curve corresponds to the so0lid and the wupper
section corresponds to the fluid. The mixed plase region is shown
by a dashed curve.
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